Cyclic-GMP is a second messenger in phototransduction, a G-protein signaling cascade that conveys photon absorption by rhodopsin to a change in current at the rod photoreceptor outer segment plasma membrane. Basal cGMP level is strictly controlled by the opposing actions of phosphodiesterase (PDE6) and retinal guanylyl cyclases (GCs), and mutations in genes that disrupt cGMP homeostasis leads to retinal degeneration in humans through mechanisms that are incompletely understood. The purpose of this study is to examine two distinct cellular targets of cGMP: the cGMP-gated (CNG) channels and protein kinase G (PRKG), and how each may contribute to rod cell death. Using a mouse genetic approach, we found that abolishing expression of CNG channels prolongs rod survival caused by elevated cGMP in a PDE6 mutant mouse model. This observation supports the use of channel blockers to delay rod death, which is expected to prolong useful vision through enhanced cone survival. However, the absence of CNG channel alone also caused abnormal cGMP accumulation. In a mouse model of CNG channel loss-of-function, abolishing PRKG1 expression had a long-lasting effect in promoting rod cell survival. Our data strongly implicate two distinct cGMP-mediated cell death pathways, and suggest that therapeutic designs targeting both pathways will be more effective at slowing photoreceptor cell death caused by elevated cGMP.
Introduction
Many forms of human blindness have their etiology in genetic mutations associated with increased cGMP levels. For example, mutations in guanylyl cyclase activating proteins (GCAPs), PDE6 and the cyclic-nucleotide-gated (CNG) channels have been linked to autosomal dominant cone dystrophy, cone rod dystrophy, retinitis pigmentosa, achromatopsia and macular degeneration in humans (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . However, the mechanism by which elevated cGMP levels lead to photoreceptor death is still unclear. Cyclic GMP is the second messenger that conveys photon absorption by rod or cone opsins to a change in current at the plasma membrane (11) . In darkness, cGMP concentration is controlled by the dynamic equilibrium of its synthesis and hydrolysis by the basal activities of retinal membrane guanylyl cyclases (GCs) and phosphodiesterase (PDE6), respectively (Fig. 1A) . The free cGMP in darkness maintains $3% of the cyclic nucleotide-gated ion (CNG) channels in the open state to form the circulating dark current by the influx of Na þ and Ca 2þ into the outer segment and extrusion of Na þ by the Na þ /K þ pump at the inner segment (12, 13) . In rods, photon absorption by rhodopsin leads to a conformational change in this prototypical Gprotein coupled receptor, allowing it to bind and activate transducin. Transducin then binds the inhibitory c-subunit of PDE6, releasing the catalytic PDE6ab subunits to hydrolyze cGMP.
The subsequent decline of cGMP concentrations leads to the closure of CNG channels and the reduction of the dark current as well as lowering of intracellular [Ca 2þ ], due to its reduced influx and continuous extrusion by the Na
NCKX1 (14, 15) . Low intracellular [Ca 2þ ] activates guanylyl cyclase activating proteins (GCAPs) to stimulate GCs to increase cGMP synthesis (16) (17) (18) , and rising [cGMP] opens CNG channels and facilitates the recovery of the light response (19, 20) . In this manner the opposing actions of PDE6 and GCs set the cGMP concentration ( Fig. 1 A) , and mutations that lead to PDE6 lossof-function or GC gain-of-function can lead to cGMP accumulation followed by cell death (Fig. 1B) .
One potential cellular target of cGMP toxicity is the CNG channel (Fig. 1B) . Given that the cooperativity of CNG channel activation by cGMP is 3 (21) (22) (23) , a small increase in [cGMP] will produce an 8-fold change in the relative Ca 2þ influx. Therefore, uncontrolled Ca 2þ influx through an excessive number of open CNG channels has been suggested as a mechanism for cGMP-induced photoreceptor cell death (8) . In support of this mechanism, reducing CNG channel expression slows the retinal degeneration in mouse models that harbor loss-of-function Pde6 mutations (24) (25) (26) . Whether this mechanism applies broadly to photoreceptor cell death associated with increased cGMP is not known. Another cellular target for cGMP is cGMP-dependent protein kinase G (PRKG, Fig. 1B ). Its increased activity was observed in the rd1 and rd2 mouse models that harbor loss-of-function mutations in Pde6b and Prph2 genes, respectively (27) . It should be noted that cGMP accumulation is a hallmark of rd1 (28,29), but not rd2 retina. Nevertheless, application of small molecule inhibitors of PRKG demonstrated a modest effect in slowing retinal degeneration in both mouse models (27) . Although this pharmacologic approach provides supporting evidence for photoreceptor cell death mediated by PRKG, small molecule inhibitors may have additional unintended cellular targets, and direct demonstration of a causal relationship between PRKG activation and retinal degeneration is still lacking.
Massive accumulation of cGMP in rods and cones also occurs when the respective CNG channels are absent (10, (30) (31) (32) . This increase in cGMP is likely a primary cause of cell death, since a rescuing effect is observed when expression of guanylyl cyclase is lowered (10, 25, 26) . In addition, the activity and expression levels of PRKG appeared increased in Cnga3 -/-mice deficient in the cone CNG channel, correlating PRKG activation with cone cell death (10) . As in rods, a causal link between PRKG activity and cone death remains to be established. In this study, we utilized mouse genetics to examine the involvement of CNG channels and PRKG in two different mouse models of cGMP-induced retinal degeneration. The first is the Pde6g -/-mice that exhibit reduced PDE6 activity and cGMP accumulation (33); the second is Cngb1 -/-mice that are deficient in rod CNG channel function (15,34) (see also (35, 36) ). Pde6g -/-mice were crossed into the Cngb1 -/-or Prkg1 -/-(lacking Prkg1) (37) background to investigate the involvement of each target for mediating cGMP-induced cell death. Retinae from Prkg1 -/-mice do not degenerate, and the slow rate of retinal degeneration in Cngb1 -/-mice relative to Pde6g -/-($4 months vs. 3 weeks) allowed us to separate the effects of each mutation. We also generated Prkg1 -/-Cngb1 -/-double knockout mice to determine whether PRKG1 activation is involved in Cngb1 -/-rod cell death.
Results
Retinal degeneration in Pde6g -/-mice is delayed in the
Cngb1 null background
Mice lacking the inhibitory PDE6c subunit exhibit rapid retinal degeneration due to loss of structure and function of the PDE6 holoenzyme, which in turn leads to cGMP accumulation (33 
Cngb1
-/-double knockout mice to test this hypothesis ( Fig. 2A) . The thickness of the outer nuclear layer ( Fig. 2A, ONL ) of the mouse retina reflects the approximate number of rods because they consist of 95-97% of the photoreceptor cell population (38) . At age 2 weeks ( Fig. 2A, left layers of nuclei remaining in the ONL. At 4 weeks ( Fig. 2A , right panels), the Cngb1 -/-retina showed a 20% reduction in the ONL layer. All photoreceptor cell nuclei have disappeared in the Pde6g -/-retina, and a thinning of the adjacent retinal pigmented epithelium (RPE) was also observed. Interestingly, the rescuing effect of Cngb1 -/-in the Pde6g -/-retina was still apparent at this age. Morphometric measurements of the ONL thickness (mean 6 SD) across the entire span of the retina from these mice at the indicated ages are shown in Figure 2B . , and Pde6g -/-Cngb1 -/-retinae to see how their cGMP levels correlate with retinal degeneration. Because light exposure leads to cGMP degradation by PDE6, mice were dark-adapted overnight and all experimental preparations were performed under infrared light to measure basal levels of cGMP (Fig. 3) . One-way analysis of variance (ANOVA) showed that the cGMP levels in retinae from C57, Cngb1 -/-and
Pde6g
-/-Cngb1 -/-mice were significantly different at 2 weeks of age (P ¼ 0.0006, Fig. 3 ). Post-hoc Tukey HSD test showed no difference between retinae from C57 and Cngb1 -/-mice (P ¼ 0.9), but a significant difference between these values and that of Pde6g -/-Cngb1 -/-retinae (P ¼ 0.004 and P ¼ 0.001, respectively).
The elevated cGMP in Pde6g -/-Cngb1 -/-retinae relative to that of Cngb1 -/-samples is likely due to PDE6 loss-of-function. One-way ANOVA was again applied to cGMP levels measured from 3-week old mice, wherein a significant difference was detected between the three groups (P ¼ 0.0058). Post-hoc Tukey HSD showed that both the cGMP levels of Cngb1 -/-and Pde6g
samples were significantly higher than that of C57 (P ¼ 0.006 and P ¼ 0.02, respectively), but the values between Cngb1 -/-and
fold increase in cGMP levels in Cngb1 -/-retinae is consistent with previous reports (30, 32) . The mechanism for this increase is not known, but may be related to a persistently low intracellular [Ca 2þ ] due to a lack of entry through CNG channels and its continued extrusion through NCKX1, leading to GC activation by GCAPs (Fig. 1) . Although the cGMP level was still elevated in the Pde6g
-/-Cngb1 -/-retinae at 3 weeks relative to control C57 mice, it is lower than the values in 2-week-old Pde6g
mice, a result consistent with ongoing rod cell death (Fig. 2) . Together, these data implicate other cellular target(s), aside from the CNG channel, for cell death induced by elevated [cGMP].
Prkg1 knockout does not rescue the degeneration of Pde6g -/-retinae
The role of PRKG as a target of cGMP-mediated toxicity in PDE6 loss-of-function mutations was suggested by previous evidence of PRKG activation and efficacy of PRKG inhibitors in slowing retinal degeneration in rd1 mice (27) . Mice and humans express three different isoforms of PRKG: Prkg1a and Prkg1b, splice variants from the same Prkg1 gene, and Prkg2 (39). Prkg1 expression is highest in the eye relative to other tissues (lung, intestine and brain), whereas Prkg2 expression was lowest in the eye and highest in the intestines (40) . We, therefore, sought to examine the potential role of Prkg1 activation in cGMP-induced rod death. Although Prkg1 -/-mice survive to adulthood (37), they do not breed well. Therefore, Pde6g -/-Prkg1 þ/-mice were crossed to generate Pde6g
-/-Prkg1 -/-double knockout mice as well as control
-/-Prkg1 þ/þ littermates. First, western blots were performed on retinal homogenates prepared from 2 week-old mice of the indicated genotypes (Fig. 4A) . Consistent with the earlier report (33) , the absence of the inhibitory PDE6c subunit led to structural instability of the holoenzyme and hence lower levels of the PDE6 catalytic subunits. The level of GC1 was also reduced, albeit to a lesser extent. This reduction in GC1, as well as that of the a-subunit of rod transducin (Gnat1), likely reflects rod loss (Figs 2A and 4C) . The relative retention of GC enzyme levels compared to that of PDE6 provides a plausible explanation for the pathologic accumulation of cGMP in these mice (Fig. 3) . To detect PRKG activity, we utilized an antibody against phosphor-VASP (Ser239), which monitors PRKG activation and signaling (41) . As shown in Figure 4A , phosphor-VASP signal was present in control C57, Pde6g 
Prkg1
-/-double knockout mice (Fig. 4B) . No difference was observed between C57 and Cngb1 -/-samples, whereas the value was significantly lower for Cngb1 -/-Prkg1 -/-double knockout samples (P < 0.01). We then compared retinal morphology of Pde6g -/-and Pde6g -/-Prkg1 -/-littermates at 2 and 3 weeks of age.
No difference in the retinal morphology or degree of degeneration was observed between mice of these different genotypes (Fig. 4C ). This lack of effect is also evident in the western blots that showed similar low levels of rod transducin-alpha (Gnat1) and GC1 in the retinal homogenates of Pde6g -/-and
Pde6g
-/-Prkg1 -/-mice when compared to the Pde6g
ple, reflecting rod rescue by Cngb1 -/-but not Prkg1 -/- (Fig. 4A) .
Measurements of ONL thickness at 2 weeks (Fig. 4D , upper panel) and 3 weeks (Fig. 4D, lower panel) showed no difference between Pde6g -/-and Pde6g -/-Prkg1 -/-mice. Together, these data show that the CNG channel, but not PRKG1, is a primary cellular target for cGMP-induced cellular toxicity for Pde6 loss-offunction mutations. These results suggest that cGMP accumulation caused by other genetic mutations also acts through the CNG channel when the channel is present and functional.
Prkg1 knockout slows degeneration of Cngb1 -/-retinae As shown in Figure 3 , the cGMP levels were abnormally high in Cngb1 -/-retinae by 3 weeks of age when compared to C57 retinae. To investigate the involvement of PRKG in the retinal degeneration of Cngb1 -/-mice, Cngb1 -/-Prkg1 þ/-mice were mated to generate littermate Cngb1 -/-and Cngb1 -/-Prkg1 -/-mice, and their retinal morphology at 3 months of age was compared (Fig. 5) .
Retinal degeneration of Cngb1 -/-mice at this age exhibits a graded pattern, with the central-inferior region showing a higher number of surviving rods (Fig. 5A ). In these regions, the ONL of Cngb1 -/-Prkg1 -/-retinae appeared thicker than that of Cngb1 -/-littermates. Measurement of ONL thickness of these mice is presented in Figure 5B (mean 6 SD), where a statistical significance was detected at the central-inferior regions (Fig. 5B , asterisks represent P < 0.05, 2-tailed t-test). This rescuing effect extends to 4- (Fig. 6A ) and 5-month old (Fig. 6B) mice. At these ages, retinae from Cngb1 -/-show a single row of ONL, whereas retinae from the Cngb1 -/-Prkg1 -/-littermates contained 3 to 4 rows of ONL ( Fig. 6A and B) . To see whether cones were retained in these retinae, retinal sections were stained for peanut agglutinin (PNA), a cone marker. Consistent with the region of greater ONL thickness, PNA reactivity can be seen in the central-inferior pole of the retina (Fig. 6C) . Together, these results suggest that PRKG1 activity plays a role in cell death associated with elevated cGMP caused by the absence of the CNG channel.
Discussion
Our findings provide evidence for two distinct cellular targets for cGMP-induced toxicity. We show that the primary target for elevated [cGMP] in the PDE6 loss-of-function Pde6g -/-mice is the CNG channel. These observations are consistent with previous reports showing the protective effects of Cngb1 null background on rd1 mice (24); and are also in agreement with strategies to improve photoreceptor survival either by the shRNA knockdown of CNG channel expression in Pde6 H620Q mutant mice (25, 26) or by the treatment of calcium channel blockers in rd1 mice (42) . We further demonstrated that, although there are two different isoforms of PRKG, PRKG1 constitutes most of the enzymatic activity in the retina ( Fig. 4A and 4B ), and that preventing Prkg1 expression in the Pde6g -/-mice had no detectable effect in prolonging rod survival ( Fig. 4C and 4D ). These results are somewhat contradictory to previous studies using PRKG inhibitors on rd1 and rd2 mice (27) . The discrepancy may be due to the presence of the minor PRKG2 isoform. However, PRKG2 transcript in the eye is low compared to that of PRKG1; further, in situ hybridization detected stronger PRKG2 signal in the inner nuclear and ganglion cell layers (40) , suggesting that PRKG2 expression in the ONL is low. Its contribution in cGMP-induced photoreceptor cell death in Pde6 loss-of-function mutations awaits future investigations. Together, our results suggest that excessive calcium entry through CNG channels may be the common key effector of retinal degeneration caused by Pde6 loss-of-function mutations and perhaps other genetic mutations culminating in cGMP accumulation when the CNG channel is expressed and functional. CNG channel loss-of-function mutations in rods and cones lead to autosomal recessive retinitis pigmentosa and achromatopsia in humans (7), respectively, wherein cell death is also preceded by elevated [cGMP] . The rate of rod cell death in Cngb1
-/-appears much slower when compared to that of Pde6 loss-of-function mutations (Fig. 2, also (35,36) ), and preventing Prkg1 expression in Cngb1 -/-rods had a significant effect in prolonging rod survival and, in turn, cone survival ( Figs 5 and 6 ). Our genetic studies provide strong support for a causal role of PRKG1 in the cGMP-induced cell death pathway in CNG channel loss-of-function mutations, whereas previous reports provided correlative evidence between PRKG1 activity and photoreceptor cell death (10, 43) . Why is PRKG1 involved in rod death caused by CNG channel deficiency but not Pde6 loss-of-function when both lead to elevated [cGMP]? One possibility may be the kinetics of the different cell death pathways: the gating of CNG channel by cGMP and time-scale of Ca 2þ -influx occurs in the timescale of milliseconds (44) . This rapid action may supersede PRKG1 activation, which may require a sustained elevated [cGMP] that occurs in the Cngb1 -/-but not in the rapidly dying ]-induced constitutive cGMP synthesis by GCAPs may cause metabolic overload and mitochondrial insult (31) . Identification of these additional pathways awaits future investigations.
Although CNG channel is a primary target for cGMP-induced toxicity in retinae of Pde6g -/-mice, removal of CNG channel expression did not offer long-term rescue. Evidence from Cngb1
-/-Prkg1 -/-mice illustrates a causal role of PRKG1 activity in promoting photoreceptor cell death when the channel expression is abolished. Therefore, application of CNG channel inhibitors to treat retinal degeneration caused by elevated cGMP may in turn activate PRKG and trigger cell death through this alternative pathway. Our results suggest that a combinatorial approach that utilizes both CNG channel and PRKG inhibitors may be more efficacious in the treatment of retinal degeneration caused by elevated cGMP. In conclusion, our data show that the genetic ablation of CNG channels in Pde6g -/-mice significantly slowed retinal degeneration despite elevated cGMP levels, suggesting the uncontrolled Ca 2þ entry through open CNG channels, rather than other signaling pathways of cGMP, is directly responsible for the early initiation of photoreceptor cell death of Pde6g -/-mice. In the absence of the CNG channels, chronically elevated cGMP levels activate Prkg1, leading to cell death. Our data strongly implicate two distinct cGMP-mediated cell death pathways.
Identification of these cellular targets should advance therapeutic intervention strategies aimed at slowing photoreceptor cell death caused by elevated cGMP. 
Materials and Methods

Animals
Retinal morphology
Mice were anesthetized by isoflurane inhalation and killed by cervical dislocation, after which the superior pole of the cornea was marked by cauterization. The eyes were then enucleated, and fixed in 1 =2 Karnovsky buffer (2.5% glutaraldehyde, 2% formaldehyde in 0.1M cacodylate buffer, pH 7.2) for 5 min. Following fixation, the cornea and lens were removed, and the remaining eyecups were further fixed overnight in 1 =2 Karnovsky buffer at 4 C, rinsed in 0.1M cacodylate buffer, and prepared into epoxy resin blocks as described previously (48) . The central retina was sectioned along the vertical meridian at 1 micron thickness and stained with Richardson stain for light microscopy. Images were acquired on an Axioplan2 microscope (Zeiss). The thickness of the outer nuclear layer (ONL) was measured based on a previously described method (49) . Each hemisphere -determined by the optic nerve -was divided into ten equal segments from the optic nerve to either the superior or inferior tip, and the corresponding ONL thickness was measured for each segment. Due to the thinness of the outer nuclear layer at the optic nerve location, determination of the ten equal segments for each hemisphere excluded the first 100 mm from the optic nerve site.
cGMP ELISA
Retinae were dissected and immediately frozen in liquid N 2 . Each frozen retina was homogenized in 100 ll of 6% trichloroacetic acid on ice followed by 6 times extraction with 1 ml of water-saturated ether. The aqueous extract was dried in a vacuum centrifuge (UVS 400 Universal Vacuum system). Protein levels were measured using the Pierce BCA assay (Thermo Fisher). The total cGMP amount was measured using a cyclic GMP XP Assay Kit (Cell Signaling #4360S) following manufacturer's instructions, and the value was normalized to the protein content.
PRKG activity assay
Individual retina was snap frozen in dry ice/ethanol bath and kept in À80 C. On the day of the assay, retinae were homogenized in 100 ml buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM NaF, 2 mM Na 3 VO 4 , protease inhibitors). The supernatant was collected, and PRKG activity in 100 mg of retinal proteins was assayed using the CycLexV R cGMPdependent protein kinase assay kit following manufacturer's instructions (MBL International Corporation). 
Prkg1
-/-mouse stained with peanut agglutinin (PNA), a cone marker. PNA staining is seen primarily in the central-inferior region of the retina (white arrow).
The inset shows a higher magnification from the boxed region. S, superior; I, inferior.
Western blots
Each isolated retina was homogenized in 150 ll buffer (150 mM NaCl, 50mM Tris pH8.0, 0.1% NP-40, 0.5% deoxycholic acid) containing 0.1 mM phenylmethane sulfonyl fluoride and complete mini protease inhibitor (Roche #11836153001). DNase I (30U, Roche) was added and incubated at room temperature for 30 min. The total protein amount of each sample was determined by the BCA TM Protein Assay Kit (Thermo Scientific #23227). An equal amount of retinal homogenate from each sample was electrophoresed on 4-12% Bis-Tris SDS-PAGE Gel (Invitrogen) followed by transfer to nitrocellulose membrane (Whatman #10402480) and incubated overnight at 4 C with the following primary antibodies: rabbit anti-PDE6 polyclonal antibody (1:1000, Cytosignal PAB-06800), rabbit anti-ROS-GC1 polyclonal antibody (1:500, Santa Cruz, sc50512), mouse Anti-G t a-1 antibody (1:5000, EMD4Biosciences 371740), mouse anti-CNGb1 antibody 4B1 (1:500, a generous gift from Dr. R. Molday), rabbit anti-phospho-VASP (Ser239) antibody (1:500, Cell signaling #3114) and mouse anti-Actin antibody (1:5000, Millipore MAB1501). The membranes were then incubated with fluorescently labeled secondary antibodies (1:10,000 Li-Cor P/N926-31081) at room temperature for 1 h and detected by Odyssey infrared imaging system.
